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Available online 22 July 2014AbstractThe corrosion properties of four Mge5Al alloys with M-alloying elements (tin, manganese and zinc) in a 3.5 wt.% NaCl solution were
examined using electrochemical tests and surface analyses. The electrochemical results indicated that the addition of 1 wt.% M metal decreased
the corrosion rate and hydrogen evolution rate of the Mge5Al specimens. Moreover, the addition of 1Zn resulted in having the best corrosion
resistance due to the interaction of Zn oxide with Mg and Al oxides which acted as a corrosion barrier.
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Magnesium and its alloys are being attractive for employ-
ment in the fields like aerospace, electronic and automobile
industries [1e3] for weight reduction and higher fuel efficiency.
Unfortunately, magnesium alloys have limited corrosion
resistance, which restricts their use in many industrial appli-
cations. When exposed to the environment, the poor corrosion
resistance and low formability can result in material failure.
Therefore, the demands for improved alloys with increased
corrosion resistant properties and acceptable deformability at
relatively low costs are ever-increasing to serve better and
sustain future industry [4e8]. The general approach for this is* Tel.: þ 84 643721979; fax: þ84 643733579.
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2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Chothe addition of alloying elements. Themost prevalently used are
those which are more active elements and with reduction po-
tentials similar to Mg, such as Al, Ca, Sr, etc. [9e15].
Al improves the corrosion resistance of Mg alloys due to
the fact that Mg and Al form intermetallic compounds
[16e19], Mg17Al12. Furthermore, Al-containing Mg alloys
feature a thinner film with a density that increases with
increasing Al content. The surface film of Al-containing alloys
contains a mixture of MgO and Al2O3 or Mg(OH)2 and
Al(OH)3. The presence of Al in the passive layer ameliorates
its protective behavior [20e23]. But, the effect of small
addition amount (such as 5 wt.%) of aluminum in the Mg alloy
is still questionable as the corrosion resistance of Mg alloys is
improved only at higher Al concentrations.
The aim of this study was to improve the corrosion resis-
tance of Mge5Al alloys by adding a small amount of M (M
are tin (Sn) or manganese (Mn) or zinc (Zn)), which can
improve the corrosion resistance of Mge5Al alloys. The
microstructure and electrochemical properties of the Mge5Al
alloy containing the M were evaluated. The effects of M
addition on the structure and electrochemical properties were
examined in detail.ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. XRD patterns of (a) Mge5Al, (b) Mge5Ale1Sn, (c) Mge5Ale1Mn
and (d) Mge5Ale1Zn alloys: a, a-Mg and b, Mg17Al12.
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Pure Mg (99.9%) ingot was melted in a stainless steel
crucible under the protection of gas mixture containing SF6
and CO2. The calculated amounts of 1.0 wt.% Sn, Mn, and Zn
were added to Mg melt. After solidification, the ingots were
subjected to homogenizing treatment at 400 C for 12 h. The
homogenized ingots were machined, which were used as raw
materials for extrusion. The extrusion of billets was performed
at 320 C. The chemical compositions of alloys were deter-
mined by optical emission spectroscopy. Alloys with chemical
compositions were 5.000 Al, 0.005 Si, 0.004 Fe, 0.003 Cu,
0.007 Ni, while the difference between measured and added
composition of Sn, Mn, and Zn is imperceptible. The speci-
mens for electrochemical tests were finished by grinding with
600-grit silicon carbide paper.
All of the electrochemical experiments were performed at
room temperature in 3.5 wt.% NaCl solution. The exposed
area was 1 cm2. Potentiodynamic polarization tests were
performed using an EG&G PAR 263A potentiostat for the DC
measurements. A graphite counter electrode was used, with a
saturated calomel electrode as the reference. Prior to the
potentiodynamic polarization test, the samples were immersed
in the solution for 1 h in order to stabilize the open-circuit
potential. The potential of the electrodes was swept at a rate
0.166 mV/s in the range from the initial potential of 250 mV
versus Ecorr to the final potential of 1.3 VSCE. The electro-
chemical impedance spectroscopy (EIS) and corrosion po-
tential measurements were conducted using a IM6e system
with a commercial software program for the AC measure-
ments. The amplitude of the sinusoidal perturbation was
10 mV. The frequency range was from 100 kHz to 10 mHz.
The hydrogen evolution of the alloys was investigated by
immersion tests. The specimens, with dimensions of
10 mm  10 mm  2 mm, were prepared by grinding each
side with 600 grid emery paper and degreasing the surfaces
with ethanol prior to corrosion testing. The hydrogen evolution
was used as an indicator of the corrosion rate, which was
monitored every 1 h. To ensure reproducibility, at least three
measurements were run for each specimen.
The crystal structure of the as-received specimens was
investigated by XRD using Cu Ka radiation. For the obser-
vation of the microstructure using optical microscopy, the
specimens were mechanically abrasive with sand paper (#220,
600, 1200, 2000, and 4000) and then with 0.1 mm alumina
powders. These specimens were then etched in a mixture of
acetic acid (10 ml), picric acid (5 g), distilled water (10 ml)
and ethanol (70 ml of 95% purity). The surface products were
examined by X-ray photoelectron spectroscopy (XPS) after
1 h of the open-circuit potential.
3. Results and discussions
XRD patterns of the Mge5Ale1M specimens are shown in
Fig. 1. There is no significant difference in the a-Mg peaks
between the Mge5Al and M-containing specimens. The re-
sults also indicate that the well-defined peaks from Mg andMg17Al12 reflections and no additional peak was observed.
The microstructure included the primary a grains surrounded
by new fine grains appearing at the grain boundary in the M-
containing specimens due to recrystallization, as shown in
Fig. 2. It indicates that the microstructure of the alloy is very
different from Mge5Al specimen and those containing M.
The addition of M also decreased the grain size of the
Mge5Al alloy (8.29, 7.26, 5.23, and 3.30 mm for Mge5Al,
Mge5Ale1Sn, Mge5Ale1Mn, and Mge5Ale1.0Zn,
respectively).
Fig. 3 shows the polarization curves of the Mge5Ale1M
immersed in 3.5 wt.% NaCl solution. All specimens showed
the active behavior where the anodic current increased with
increasing potential. The potentiodynamic measurements
showed that the M addition decreased the corrosion current
density. This is because M additions hinder the cathodic
hydrogen evolution reaction and shift the corrosion current
densities toward the left site as shown in Fig. 3. This also
accounts for the hydrogen activity and the uptake of hydrogen
at the alloy surface which also decreases with the reducion in
hydrogen evolution rate by M addition. Table 1 lists the
corrosion properties. Where anodic and cathodic curves were
near linear and symmetrical within ±50 mV from Ecorr, both
Tafel slopes were extrapolated until the lines intersected at
Ecorr.
Fig. 4(a) and (b) present the Nyquist and Bode plots after
immersion for 1 h at Ecorr. The high spectra are used to detect
the local surface defects, whereas the medium and low fre-
quency spectra detect the processes within the corrosion
product and at the metal/corrosion product interface, respec-
tively. It was observed that the aperture of impedances and
phase angles increased with M content due to the reduced
hydrogen evolution rate, were as small aperture of impedance
and phase angle were observed in the case of Mge5Al spec-
imen. This suggests that the addition of a small amount of 1 M
promotes corrosion product formation. The corresponding
equivalent circuit is given in Fig. 4(c), where Rs, CPE, Rc, Cc
Fig. 2. Optical microscope images of Mge5Al, (b) Mge5Ale1Sn, (c) Mge5Ale1Mn and (d) Mge5Ale1Zn alloys.
192 N.D. Nam / Journal of Magnesium and Alloys 2 (2014) 190e195and Rct represents solution resistance, constant phase element
for the double layer capacitance, resistance of corrosion
product layer, capacitance of corrosion product layer and
charge transfer resistance of the magnesium alloys respec-
tively. L and RL are the inductance and resistance which
represented the breakdown of partial protective film on alloy
surface [24,25]. The ZSimpWin program was used to fit the
EIS data to determine the optimized values for the resistance
parameters. The resistance of the corrosion product increased
steadily with M content. The charge transfer resistance (Rct)10-6 10-5 10-4 10-3 10-2 10-1
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Fig. 3. Potentiodynamic polarization curves of Mge5Ale1M alloys.increased strongly with M content. Importantly, a high Rct
value indicates good corrosion resistance. Higher corrosion
product and charge transfer resistance were observed for the
1Zn specimen, indicating that Zn addition improves the
corrosion product resistance and its stability. The polarization
resistance, Rp, can be calculated from as the equivalent circuit
as follows:
Rp ¼ RsþRct þRdiff ð1Þ
The results indicated that polarization resistance of M-
containing specimens are much higher than that of Mge5Al
based alloy. In addition, the existence of inductive loop is
attributed to adsorption and desorption of ion, indicating that
there were a series of complicated pore or ionic conducting
defect resistance occurring on the surface of Mg alloys.
Hydrogen evolution rate of the Mge5Ale1M alloys
immersed in 3.5 wt.% NaCl is shown in Fig. 5(a). The results
showed that during 7 h immersion, hydrogen evolution rate ofTable 1
Corrosion parameters from potentiodynamic polarization curves for
Mge5Ale1M alloys in 3.5 wt.% NaCl.
Sample Ecorr
(VSCE)
icorr
(mA/cm2)
ba
(mV/decade)
-bc
(mV/decade)
Mge5Al 1.55 371 25 227
Mge5Ale1Sn 1.54 100 33 173
Mge5Ale1Mn 1.56 84 21 145
Mge5Ale1Zn 1.52 67 19 136
193N.D. Nam / Journal of Magnesium and Alloys 2 (2014) 190e195the Mge5Ale1M decreased in the order:AT51
Sample > AM51 Sample > AZ51 specimen. This means that
the AZ51 alloy exhibited the best corrosion resistance, and the
Mge5Al based alloy had the worst corrosion resistance.
Corrosion rate of the Mge5Ale1M alloys were calculatedRdiff
L
Rc
CPE
Cc
Rct
Rs
(c)
Fig. 4. Impedance spectra on (a) Nyquist, (b) Bode plots and (c) equivalent
circuit for fitting the EIS data.
Fig. 5. (a) Hydrogen evolution, (b) corrosion rate as a function of time
observed by hydrogen evolution measurement, and (c) average corrosion rates
of Mge5Ale1M alloys using hydrogen evolution, potentiodynamic polari-
zation and EIS measurements in 3.5 wt.% NaCl at room temperature.
Fig. 6. XPS peak analysis for the surface products of the Mge5Ale1M alloys: (a) survey scan spectra and narrow scan spectra of (b) Mg, (c) Al, (d) Sn, (e) Zn and
(f) O.
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Fig. 5(b). It indicated that the corrosion rate of the M-con-
taining samples was stable during 7 h, while it increased
quickly in case of Mge5Al based alloy. The lowest corrosion
rate is observed on the Mge5Ale1Zn specimen. Fig. 5(c)
shows the change in average corrosion rates of the
Mge5Ale1M alloys obtained by hydrogen evolution rate and
electrochemical methods. This suggests that the addition of M
improves the corrosion resistance of Mge5Al based alloy. The
corrosion rate of Mge5Ale1M alloys in the electrochemical
tests was calculated by Faraday's law [26,27]:Corrosion rate ðcm=yÞ ¼ 3:16 10
7 icorr M
zF r ; ð2Þ
where 3.16  107 is the metric and time conversion factor, icorr
is the corrosion current density (A/cm2), M is the molar mass
of the metal (g/mol), z is number of electron transferred per
metal atom, F is the Faraday's constant, and r is the density of
the metal (g/cm3). In addition, the hydrogen evolution volume
rate, VH (ml/cm
2.d) can be related to the corrosion rate, by the
equation PH (cm/y) ¼ 0.2279 VH [28]. The results suggested
195N.D. Nam / Journal of Magnesium and Alloys 2 (2014) 190e195that M-containing alloys have lower corrosion rates than
Mge5Al based alloy, which indicates that the corrosion
behavior of Mge5Al alloy was improved by M addition.
X-ray photoelectron spectroscopy indicated the existence
of Mg 2s, Al 2p, Sn 3d, Zn 2p and O 1s on the specimen
surface as shown in Fig. 6(a). The Mg 2p and Al 2p spectra
correspond to MgO/Mg(OH)2 and Al2O3/Al(OH)3 on the
surface of the alloys as shown in Fig. 6(b and c). The results
also showed that the concentration of Al 2p and O 1s is higher
for M-containing specimens in comparison with Mge5Al
based alloy. The binding energy of Sn 3d3/2, Sn 3d5/2, and Zn
2p was approximately 494, 485, and 1021 eV, respectively
(Fig. 6(d and e)). These spectra correspond to SnO2 and ZnO
on the surface of the alloys. No manganese products were
observed on the specimens including Mn-containing alloy. In
addition, the O 1s spectra in Fig. 6(f) were composed of two
peaks corresponding to the signals from oxygen in the oxide at
530.05 eV and oxygen in the hydroxyl groups at 531.70 eV.
The enriched Mg, Al, Sn, and Zn products played an important
role in improving the corrosion products of the magnesium
alloys, which impeded the adsorption of Cl ions.
Four different Mge5Ale1M alloys were evaluated. The
microstructure studies including SEM and XRD suggested that
a decrease in grain size of the a-Mg solid solution phase which
was a major change in the microstructure as a result of M
addition. The electrochemical study suggests that the addition
of 1 wt.% Zn results in the lowest corrosion rate and hydrogen
evolution rate in a corrosive environment. It is caused by a
difference in the composition and quantity of surface products
formed on the alloy surfaces. Grain refinement can increase the
number of active atoms on the surface, accelerating the for-
mation of the protective layer. Furthermore, this is also due toM
addition which inhibits the cathodic hydrogen evolution reac-
tion. It can be reported that the hydrogen activity at the surface
was decreased by the presence ofM addition, and the difference
in behavior of the hydrogen activity is mainly from the elec-
trochemical reaction of hydrogen evolution. This also accounts
for hydrogen activity and the uptake of hydrogen at the alloy
surface are also decreases with the decrease in hydrogen evo-
lution rate by M additions. All these results provides evidence
that the corrosion current density decrease with M-containing
specimens, indicating that M addition has a helpful effect on the
corrosion resistance ofMge5Al alloy in 3.5wt.%NaCl solution
through an inhibited hydrogen evolution reaction. In addition,
the aging kinetics of the alloys can be significantly accelerated
by alloying elements and can possibly increase the solution
treatment temperature, resulting in increases in the numbers of
supersaturated Zn atoms and vacancies in the Mg matrix after
solution treatment [29]. For these reasons, the lowest corrosion
rate in a corrosive environment has been reached for 1 wt.% Zn
addition within this study.
4. Conclusions
Four different magnesium alloys, Mge5Al, Mge5Ale1Sn,
Mge5Ale1Mn, and Mge5Ale1Zn, were evaluated. Themicrostructural study including optical microscopy and X-ray
diffraction analysis suggested that a decrease in grain size of
the a-Mg solid solution phase was the major change in the
microstructure caused by the addition of M. The electro-
chemical study suggests that the addition of Zn resulted in the
lowest corrosion rate in a corrosive environment. The corro-
sion resistance mechanism of the Mge5Al alloys can be
related to the interaction of alloying element oxides with Mg
and Al oxides which acted as a corrosion barrier to hinder
corrosion process. In summary, the best corrosion resistant
alloy gives the best corrosion product with high quality and
better characteristics.
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